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$EVWUDFW 
,QFUHPHQWDOVKHHWIRUPLQJ,6)LVDIOH[LEOHSURFHVVIRUUDSLGPDQXIDFWXULQJRIFRPSOH[VKHHW
PHWDO SDUWV $QDGYDQWDJH RI ,6) LV WKH LPSURYHG IRUPDELOLW\ WKDQ WUDGLWLRQDO VKHHW IRUPLQJ
SURFHVVHV VXFK DV VWDPSLQJ $ QXPEHU RI IXQGDPHQWDO VWXGLHV KDYH EHHQ FRQGXFWHG WR
LQYHVWLJDWHWKHHQKDQFHG,6)IRUPDELOLW\FRQVLGHULQJWKHHIIHFWVVXFKDVEHQGLQJXQGHUWHQVLRQ
DQG WKURXJK WKLFNQHVV VKHDU 7R IXUWKHU XQGHUVWDQG WKH ,6) GHIRUPDWLRQ PHFKDQLVP DQG
IRUPDELOLW\ HQKDQFHPHQW WKLV ZRUN SUHVHQWV D QHZ DQDO\WLFDO PRGHO ZKLFK LV IRFXVHG RQ
LQYHVWLJDWLQJWKHGHIRUPDWLRQVWDELOLW\DQGLWVHIIHFWRQWKHPHWDOVKHHWIUDFWXUH%DVHGRQWKLV
QHZPRGHOWKHFULWLFDOVWUDLQRIGHIRUPDWLRQLQVWDELOLW\LVREWDLQHG)XUWKHUPRUHLQIOXHQFHVRI
WKHZRUN-KDUGHQLQJHIIHFWDQGEHQGLQJHIIHFWRQWKHGHIRUPDWLRQVWDELOLW\DUHLQYHVWLJDWHG7R
YDOLGDWH WKHDQDO\WLFDOPRGHO WKH IUDFWXUHRFFXUUHQFHRI WZRDOXPLQXPJUDGHV$$DQG
$$DUHLQYHVWLJDWHGE\XVLQJ,6)H[SHULPHQW%DVHGRQWKHDQDO\WLFDODQGH[SHULPHQWDO
LQYHVWLJDWLRQ WKLV VWXG\ KDV FRQFOXGHG WKDW EHQGLQJ SOD\V D PDMRU UROH RQ ,6) GHIRUPDWLRQ
VWDELOLW\ ,Q DGGLWLRQ WKH ,6) IUDFWXUH GHSHQGV RQ ERWK GHIRUPDWLRQ VWDELOLW\ DQG WKH VKHHW
PDWHULDO¶VGXFWLOLW\ 
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,QWURGXFWLRQ 
,QFUHPHQWDOVKHHW IRUPLQJ ,6) LV D IOH[LEOHSURFHVVIRUPDQXIDFWXULQJVPDOO-EDWFKDQG
FXVWRPL]HGVKHHWPHWDOSURGXFWV&RPSDUHGZLWKFRQYHQWLRQDOVKHHWIRUPLQJWHFKQRORJLHVQR
GHOLFDWHIRUPLQJWRROVDUHUHTXLUHGLQWKH,6)SURFHVVWKHULJLGWRROPRYHVDORQJDSUHGHILQHG
WRROSDWKDQGWKHVKHHWPHWDOGHIRUPVLQFUHPHQWDOO\LQWKHORFDOL]HGFRQWDFWDUHD$V,6)GRHV
QRWUHTXLUHVSHFLILHGWRROVHWRUGHGLFDWHGIRUPLQJSUHVVFRVWDQGSURGXFWLRQ-OHDGWLPHFDQEH
UHGXFHGFRQVLGHUDEO\,QUHFHQW\HDUV WUHPHQGRXVHIIRUWVKDYHEHHQPDGHWRIXUWKHU LPSURYH
WKLV WHFKQRORJ\$SDUW IURP WKH FRQYHQWLRQDO VLQJOHSRLQW LQFUHPHQWDO VKHHW IRUPLQJ 63,)
RWKHU WHFKQRORJLHV VXFK DV WZR SRLQW LQFUHPHQWDO IRUPLQJ 73,) >@ DQG GRXEOH VLGH
LQFUHPHQWDO IRUPLQJ SURFHVV '6,) >@ KDYH EHHQ SURSRVHG 7R IXUWKHU H[SDQG WKH ,6)
SRWHQWLDO KRW ,6) WHFKQRORJLHV VXFK DV ODVHU DVVLVWHG LQFUHPHQWDO IRUPLQJ >@ DQG HOHFWULF
DVVLVWHGLQFUHPHQWDOIRUPLQJ>@KDYHDOVREHHQGHYHORSHGUHFHQWO\ 
,QRUGHUWRREWDLQDQLQ-GHSWKXQGHUVWDQGLQJRIWKH,6)GHIRUPDWLRQEHKDYLRUSURFHVVDQG
PDWHULDOUHODWHGSDUDPHWHUVZHUHLQYHVWLJDWHGH[SHULPHQWDOO\DQGDQDO\WLFDOO\6LOYDHWDO>@
GHYHORSHG DQ DQDO\WLFDO PRGHO WR LQYHVWLJDWH WKH LQIOXHQFH RI IULFWLRQ DQG RWKHU SURFHVV
SDUDPHWHUVRQWKHIRUPDELOLW\0DUWLQVHWDO>@DGRSWHGPHPEUDQHDQDO\VLVPHWKRGWRDQDO\]H
DQGFRPSDUHWKHIRUPDELOLW\LQSODQH-VWUDLQFRQGLWLRQDQGHTXLELD[LDOWHQVLRQFRQGLWLRQ;XHW
DO>@LQYHVWLJDWHGWKHLQIOXHQFHRIWRROURWDWLRQRQ,6)SURFHVVZLWKDURWDWLRQDOWH[WXUHGWRRO
)UDWLQL HW DO >@ HPSOR\HG D VWDWLVWLFDO PHWKRG WR DQDO\]H WKH LQIOXHQFH RI PDWHULDO-UHODWHG
SDUDPHWHUVOLNHZRUN-KDUGHQLQJH[SRQHQWDQGFRPSDUHGWKHLUGHJUHHRILPSRUWDQFH.LPHWDO
>@YHULILHGWKHHIIHFWVRI WRROVL]H IHHGUDWHDQGIULFWLRQRQIRUPDELOLW\DQGIRXQG WKDW WKH
HIIHFWRIIULFWLRQZDVLQVLJQLILFDQW)DQJHWDO>@FRQILUPHGWKHHIIHFWRIEHQGLQJGHIRUPDWLRQ
DQG DQDO\]HG WKH IUDFWXUH EHKDYLRU LQ ,6) SURFHVV /X HW DO >@ LQYHVWLJDWHG WKH HIIHFW RI
IULFWLRQ DQG IUDFWXUH EHKDYLRU ZLWK D QRYHO REOLTXH WRRO +H DOVR SURSRVHG D QHZ WRRO SDWK
JHQHUDWLRQDOJRULWKPWRLPSURYHWKHFDSDELOLW\RIWKHSURFHVV >@+XDQJHWDO >@DQDO\]HG
WKHVL]HHIIHFWLQWKH63,)SURFHVVE\XVLQJWKH2\DQHIUDFWXUHFULWHULRQ 
$ XQLTXH FKDUDFWHUL]DWLRQ RI ,6) SURFHVV LV LWV LQFUHDVHG IRUPLQJ OLPLW FRPSDUHG ZLWK
FRQYHQWLRQDOVKHHWIRUPLQJSURFHVVHV6KLPHWDO>@DQG3DUNHWDO>@FRPSDUHGWKH,6)
ZLWK FRQYHQWLRQDO VKHHW IRUPLQJ SURFHVV DQG IRXQG WKDW WKH ,6) IRUPLQJ OLPLW ZDV PXFK
KLJKHU $ ORW RI H[SODQDWLRQV RQ WKH GHIRUPDWLRQ PHFKDQLVP ZDV SURSRVHG DQG DQDO\]HG
<RXQJ HW DO >@ FRQFOXGHG WKDW VKHDU GHIRUPDWLRQ RI WKH VKHHW ZDV WKH PDLQ FDXVH RI
LQFUHDVHGIRUPLQJOLPLWRI,6).LPHWDO>@LQYHVWLJDWHGWKHVKHDUGHIRUPDWLRQE\DVVXPLQJ
WKHGHIRUPDWLRQLVDOOVKHDULQWKHWKLFNQHVVGLUHFWLRQLQWKHILQLWHHOHPHQWDQDO\VLVDQGIRXQG
WKHWKLFNQHVVGLVWULEXWLRQPDWFKHVZLWKWKHH[SHULPHQWDOPHDVXUHPHQW:KLOH)LOLFHHWDO>@
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FRQFOXGHGWKDWVWUHWFKLQJZDVWKHPDLQGHIRUPDWLRQPRGHGXULQJWKH,6)SURFHVV(PPHQVHW
DO>@FRQGXFWHGFRQWLQXRXVEHQGLQJXQGHUWHQVLRQ&%7WHVWDQGFRQVLGHUHGEHQGLQJDVD
PDMRU IDFWRU IRU WKH LQFUHDVH RI IRUPLQJ OLPLW -DFNVRQ HW DO >@ VXJJHVWHG WKDW WKH
GHIRUPDWLRQLQ,6)SURFHVVZDVWKHFRPELQDWLRQRIVWUHWFKLQJEHQGLQJDQGVKHDU$OOZRRGHW
DO>@DWWULEXWHGWKHLQFUHDVHGIRUPLQJOLPLWWRWKHWKURXJK-WKLFNQHVVVKHDUZKLFKUHGXFHGWKH
DFFXPXODWLYHEUHDNDJHLQWKHVKHHWPDWHULDO(\FNHQVHWDO>@DOVRDQDO\]HGWKHLQIOXHQFHRI
WKURXJK-WKLFNQHVVVKHDUE\XVLQJ0DUFLQLDN-.XF]\QVNLPRGHO0DOKRWUDHWDO >@GLVFXVVHG
WKHHIIHFWVRIEHQGLQJDQGVKHDURQWKHVWDELOLW\RIWKHSURFHVVE\XVLQJ)(DQDO\VLV(PPHQV
HW DO >@ VXPPDUL]HG WKH HIIHFWV RI WKH FRQWDFW VWUHVV DQG F\FOLF ORDGLQJ RQ GHIRUPDWLRQ
ORFDOL]DWLRQ VWDELOLW\ DQG LQFUHDVHG IRUPDELOLW\ GXULQJ ,6) SURFHVV (\FNHQV HW DO >@
VXJJHVWHG WKDW WKH GRPLQDQW GHIRUPDWLRQ PHFKDQLVP GHSHQGHG RQ WKH VSHFLILF SURFHVV
FRQGLWLRQV7KHDERYHUHSRUWHGZRUNVIRFXVRQWKHHIIHFWVRIWKHLQFUHDVHG,6)IRUPDELOLW\LQD
PDFURVFDOH 
$OWKRXJKWKHDERYHVWXGLHVKDYHSDUWO\FODULILHGWKHLPSURYHGIRUPDELOLW\DQGGHIRUPDWLRQ
VWDELOLW\E\XVLQJH[SHULPHQWDODQG)(0DQDO\VLV WKHXQGHUVWDQGLQJRI WKH ,6)GHIRUPDWLRQ
PHFKDQLVPDQGWKHIDFWRUVOHDGLQJWRVKHHWIUDFWXUHLVVWLOO OLPLWHG)RUH[DPSOHSODQHVWUDLQ
VWDWHDQGHTXLELD[LDOVWUHWFKLQJVWDWHDUHWKHPRVWFRPPRQO\VHHQZKHQPDQXIDFWXULQJSDUWVRI
GLIIHUHQWJHRPHWULFDOVKDSHV>@+RZHYHURQO\WKHGHIRUPDWLRQXQGHUSODQHVWUDLQVWDWHLV
ZHOOPRGHOOHGZKLOHWKHHTXL-ELD[LDOVWUHWFKLQJVWDWHZDVXVXDOO\LJQRUHGE\WKHUHVHDUFKHUV,Q
DGGLWLRQ FRQFHUQLQJ WKH RFFXUUHQFH RI IUDFWXUH D JUDGXDO QHFNLQJ PD\ KDSSHQ EHIRUH
IUDFWXULQJ IRU VRPH PDWHULDOV ZKLOH IRU RWKHU PDWHULDOV WKLV PD\ QRW EH WKH FDVH >@ 7KH
XQGHUO\LQJPHFKDQLVPRIWKLVEHKDYLRULVVWLOOXQFOHDU 
7RREWDLQDQLQ-GHSWKXQGHUVWDQGLQJRIWKHIUDFWXUHEHKDYLRUDQGXQGHUO\LQJPHFKDQLVP
WKHSUHVHQWHGZRUNWULHVWRGHYHORSDQDQDO\WLFDOPRGHOIURPWKHGHIRUPDWLRQVWDELOLW\SRLQWRI
YLHZ ,Q WKH PRGHO WR GHVFULEH WKH ,6) GHIRUPDWLRQ VWDELOLW\ DQ DQDO\WLFDO PRGHO KDV EHHQ
HVWDEOLVKHG E\ WDNLQJ ERWK HIIHFWV IURP VKHHW EHQGLQJ GHIRUPDWLRQ DQG PDWHULDO VWUDLQ
KDUGHQLQJ LQWR DFFRXQW 7KH ,6) GHIRUPDWLRQ VWDELOLW\ XQGHU ERWK WKH SODQH-VWUDLQ FRQGLWLRQ
DQGHTXLELD[LDOVWUHWFKLQJFRQGLWLRQKDVEHHQDQDO\]HG7KHFULWLFDOVWUDLQDWZKLFKWKHIRUPLQJ
VKHHWPHWDOORVHVLWVGHIRUPDWLRQVWDELOLW\KDVEHHQVWXGLHGE\XVLQJWKHGHYHORSHGPRGHODQG
EHHQYDOLGDWHGODWHUE\FRPSDULQJ,6)DQGEXOJHH[SHULPHQWVXVLQJERWK$$DQG$$
PDWHULDOV 7KH ,6) GHIRUPDWLRQ VWDELOLW\ DQG WKH IUDFWXUH PHFKDQLVP KDYH EHHQ GLVFXVVHG
EDVHGRQWKHDQDO\WLFDODQGH[SHULPHQWDOUHVXOWV 
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0RGHOLQJRIWKHGHIRUPDWLRQVWDELOLW\LQWKH,6)SURFHVV 
,QWKHFRQYHQWLRQDOLQYHVWLJDWLRQRIWKH,6)SURFHVVWKHLQIOXHQFHRISURFHVVDQGPDWHULDO
PHFKDQLFDOSDUDPHWHUVRQ WKH IRUPDELOLW\DQG IUDFWXUHEHKDYLRXURI WKH LQFUHPHQWDO IRUPLQJ
SURFHVVKDVDOUHDG\EHHQZLGHO\H[SORUHGVXFKDVWKHHIIHFWVIRUPZRUN-KDUGHQLQJH[SRQHQW
>@ WKH UDWLR EHWZHHQ WRRO UDGLXV DQG VKHHW WKLFNQHVV >@ DQG EHQGLQJ >@ ,Q WKH
FRQYHQWLRQDOXQGHUVWDQGLQJRI,6)GHIRUPDWLRQFRXOGRQO\RFFXULQWKHWRRO-VKHHWFRQWDFWDUHD
1RQ-FRQWDFWDUHDVLQFOXGLQJWKHLQFOLQHGZDOODUHFRQVLGHUHGWREHULJLGRUHODVWLF6RDOPRVW
DOODQDO\VHVDUHEDVHGRQWKHFRQWDFWDUHD+RZHYHUDFFRUGLQJWRWKHUHFHQWH[SHULPHQWDODQG
)(0DQDO\VLVSODVWLFGHIRUPDWLRQFRXOGDOVRRFFXUDWWKHQHDUE\LQFOLQHGZDOOZKHUHQRWRRO-
VKHHW FRQWDFW H[LVWV >@ $ IXUWKHU UHVHDUFK LV QHHGHG WR UHDVVHVV WKH VWDELOLW\ DQG IUDFWXUH
PHFKDQLVPRI,6) 
 
 
D 
  
E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F 
)LJ$QDO\WLFDOPRGHOLQJRI,6)SURFHVVD0RGHOGHILQLWLRQE(OHPHQWGHILQLWLRQLQ
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UHJLRQ$F6WUHVVFRPSRQHQWVRIWKHHOHPHQWLQUHJLRQ$ 
 
)RFXVLQJ RQ WKH SODVWLF GHIRUPDWLRQ EHKDYLRU LQ WKH FRQWDFW DQG QRQ-FRQWDFW ]RQH DQ
DQDO\WLFDOPRGHOKDVEHHQHVWDEOLVKHGDVVKRZQLQ)LJ,QWKLVPRGHOWKHWRRO-VKHHWFRQWDFW
UHJLRQLVGHILQHGDVUHJLRQ$ZKLOHWKHQHLJKERULQJLQFOLQHGZDOOLVGHILQHGDVUHJLRQ%'XHWR
WKHEHQGLQJDQGVWUHWFKLQJHIIHFWUHJLRQ$LVXQGHUJRLQJSODVWLFGHIRUPDWLRQGXULQJWKHZKROH
,6)SURFHVV+RZHYHUWKHVWUHVVVWDWHRIUHJLRQ%QHHGVIXUWKHULQYHVWLJDWLRQ,QRUGHUWRWDNH
EHQGLQJLQWRFRQVLGHUDWLRQDQHOHPHQWLQWKHWKLFNQHVVGLUHFWLRQRIWKHVKHHWPDWHULDOLQUHJLRQ
$ LV WDNHQ IRU DQDO\VLV DV VKRZQ LQ )LJF7KH VWUHVVFRPSRQHQWVRI WKH HOHPHQW FDQEH
GHVFULEHG DV VKRZQ LQ )LJ F &RQFHUQLQJ VKHDU GHIRUPDWLRQ LW KDV EHHQ IRXQG WKDW
FRPSDULQJ ZLWK EHQGLQJ DQG VWUHWFKLQJ WKH HIIHFW IURP VKHDU GHIRUPDWLRQ FDQ EH QHJOHFWHG
> @ 7KXV WR VLPSOLI\ WKH DQDO\VLV SURFHVV WKH IULFWLRQ DQG VKHDU HIIHFW DORQJ WKH
FLUFXPIHUHQWLDOGLUHFWLRQDUHLJQRUHG1HYHUWKHOHVVWKHLPSDFWRIWKHWRROPRYHPHQWVWLOOUHVXOW
LQXQHYHQ VWUHVVGLVWULEXWLRQDORQJ WKHFLUFXPIHUHQWLDO GLUHFWLRQ$W WKH VDPH WLPH WKH IRUFH
IURPWKHFRQWDFWDUHDZLOODOVROHDGWRHODVWLFGHIRUPDWLRQLQWKHQHLJKERULQJDUHDZKLFKPD\
DIIHFW WKH ERXQGDU\ FRQGLWLRQV IRU WKH DQDO\VLV +RZHYHU LQ WKH SUHVHQW DQDO\WLFDO PHWKRG
LGHDODVVXPSWLRQVDUHPDGHWKDWWKHWRROPRYHPHQWVSHHGLVFRQVLGHUDEO\ORZDQGWKHYHUWLFDO
VWHSLVFRQVLGHUDEO\VPDOOVRWKDWWKHLPSDFWRIWKHWRROPRYHPHQWFDQEHODUJHO\UHGXFHGDQG
WKH UHODWLYHO\ VPDOO HODVWLF GHIRUPDWLRQ FDQ EH LJQRUHG ,Q DGGLWLRQ WKH PDWHULDO DQLVRWURSLF
HIIHFWLVDOVRLJQRUHGLQWKLVPRGHO 
 
'HIRUPDWLRQ0HFKDQLFVRI5HJLRQ$ 
'XULQJ WKH ,6) SURFHVV LQ WKH UHJLRQ $ WKHUH DUH WZR W\SLFDO GHIRUPDWLRQ PRGHV 
SODQH-VWUDLQ GHIRUPDWLRQ ZKHQ WKH FLUFXPIHUHQWLDO FRQWDFW DQJOH LV VPDOO DQG  HTXLELD[LDO
VWUHWFKLQJ GHIRUPDWLRQ ZKHQ WKH FLUFXPIHUHQWLDO FRQWDFW DQJOH LV ODUJH VXFK DV IRUPLQJ WKH
FRUQHUDUHDRIDS\UDPLG,QUHJLRQ%WKHSODQH-VWUDLQFRQGLWLRQLVFRQVLGHUHGLQDOOWKHFDVHDV
WKHVKHHWGRHVQRWGLUHFWO\FRQWDFWZLWKWKHIRUPLQJWRRODQGWKHVKHHWLVVXEMHFWWRWKHWHQVLOH
GHIRUPDWLRQLQUHJLRQ$ 
,QUHJLRQ$FRQVLGHULQJWKHHIIHFWVRIVWUHWFKLQJDQGEHQGLQJGHIRUPDWLRQDQHTXLOLEULXP
HTXDWLRQLQWKHWKLFNQHVVGLUHFWLRQPD\EHHVWDEOLVKHGDV 
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22
2 2
22 0
2 2
t t t
A A
A A A
A
A
A
r d cos d r dr d cos d
d dd dr r dr cos d sin dr r dr cos d d sin
d
r dr dd dr d sin cos
M M M
T T
V D D T V V D D T
D DV V D T V D D T
TV VV D D
    
          
     
  
      

 

  
(TFDQEHVLPSOLILHGE\QHJOHFWLQJWKHKLJKHURUGHUWHUPV 
 
2A A AA tt
dr r
d M TV V VV     
&RQVLGHULQJWKHSODQH-VWUDLQFRQGLWLRQ  12A A AtT MV V V  DQGHTXLELD[LDOVWUHWFKLQJ
FRQGLWLRQ A AT MV V WKHYRQ0LVHV\LHOGFULWHULRQ      2 2 212A A A A A A As t tM T M TV V V V V V V       
LVVLPSOLILHGE\XVLQJDFRHIILFLHQWO  
 A A As tMV O V V       
ZKHUH XQGHU SODQH-VWUDLQ FRQGLWLRQ
3
2
O  DQG  XQGHU HTXLELD[LDO VWUHWFKLQJ FRQGLWLRQ
1O   
7KHUHIRUH(TFDQEHH[SUHVVHGDV 
2 
A A
t s
dr
d
r
V VO      
&RQVLGHULQJWKHEHQGLQJHIIHFWLQWKH,6)SURFHVVDVWKHVKHHWLVEHQGHGDURXQGWKHWRROLQ
WKHPHULGLRQDOGLUHFWLRQWKHPHULGLRQDOVWUDLQFDQEHH[SUHVVHGDV 
 
0 0ln ln ln ln
2 2
A t
t
t t
t r r tr
t tt r t
r r
MH      
  
&RQVLGHULQJWKHVWUDLQKDUGHQLQJHIIHFWWKHSRZHUKDUGHQLQJODZ ns KV H  LVHPSOR\HGLQ
WKLV DQDO\VLV 7KH UHODWLRQVKLS EHWZHHQ WKH HTXLYDOHQW VWUDLQ DQG VWUDLQ FRPSRQHQWV FDQ EH
GHVFULEHGE\ 
3ODQH-VWUDLQFRQGLWLRQ 2 2 22 2( )
3 3t T M M
H H H H H       
(TXLELD[LDOVWUHWFKLQJFRQGLWLRQ 2 2 22 ( ) 2
3 t T M M
H H H H H        
$QHZFRHIILFLHQW z PD\EHLQWURGXFHGDQGDFRPELQHGHTXDWLRQLVREWDLQHGDV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 z MH H   
ZKHUH XQGHU SODQH-VWUDLQ FRQGLWLRQ 2
3
 z  DQG  XQGHU HTXLELD[LDO VWUHWFKLQJ FRQGLWLRQ
2 z  
&RQVLGHULQJWKHSRZHUKDUGHQLQJODZ(TLVREWDLQHGDV 
     nA As K z MV H   
7KHVWUHVVLQWKLFNQHVVGLUHFWLRQLQUHJLRQ$LQ(TFDQEHIXUWKHUGHULYHGDV 
  11 00 02 ln ln
1
­ ½ ª ºª º ° °  ® ¾« »« »   ¬ ¼ ¬ ¼° °¯ ¿
nn
n
tA
t
t t t
r t tt r tK z
n r t r t r t
V O

   
2QWKHLQQHUFRQWDFWVXUIDFH tr r WKHFRQWDFWVWUHVVFDQEHGHVFULEHGDV  
  11 00 02 ln ln
1
­ ½ ª º ª º° °  ® ¾« »« »  ¬ ¼ ¬ ¼° °¯ ¿
nnn
tA
tr
t t
r t tt tK z
n r t t r t
V O

   
&RQVLGHULQJ WKH GHIRUPDWLRQ DUHD DV D ZKROH WKH IRUFH HTXLOLEULXP FRQGLWLRQ FDQ EH
DSSOLHG LQ WKH PHULGLRQDO FLUFXPIHUHQWLDO DQG WKLFNQHVV GLUHFWLRQV DV VKRZQ LQ )LJ   ,W LV
QRWHZRUWK\WRPHQWLRQKHUHWKDWWKHYDOXHVRIWKHVWUHWFKLQJIRUFHV FT DSSOLHGRQWKHVLGHVRI
WKH UHJLRQ $ LQ WKH FLUFXPIHUHQWLDO GLUHFWLRQ DUH DVVXPHG WR EH HTXDO DV GLVFXVVHG LQ WKH
EHJLQQLQJRIWKLVVHFWLRQ0HDQZKLOHWKHGLUHFWLRQRI FT DQGWKHFRQWDFWIRUFH tF FDQQRWEH
SUHFLVHO\ GHWHUPLQHG GXH WR WKH XQHYHQ GLVWULEXWLRQ RI WKH VWUHVV DORQJ ERWK PHULGLRQDO DQG
FLUFXPIHUHQWLDOGLUHFWLRQV+RZHYHUDFFRUGLQJ WR(T  WKHFRQWDFWVWUHVV LQFUHDVHVDORQJ
WKHGHSWKGLUHFWLRQZKLOHDWWKHVDPHWLPHWKHFRQWDFWDUHDGHFUHDVHV)RUFHLVWKHSURGXFWRI
VWUHVVDQGDUHD$VDUHVXOWLWFDQEHDVVXPHGWKDWWKHRYHUDOOIRUFHEHDULQJSRLQWRIWKHFRQWDFW
IRUFH tF DQG WKH VWUHWFKLQJ IRUFH FT  LV ULJKW RQ WKH FHQWHU RI WKH FRQWDFW VXUIDFH DQG WKH
ERXQGDU\VXUIDFHUHVSHFWLYHO\DVVKRZQLQ)LJ 
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)LJ6FKHPDWLFLOOXVWUDWLRQRIWKHIRUFHFRPSRQHQWV 
 
,QWKHPHULGLRQDOGLUHFWLRQWKHHTXLOLEUDQWHTXDWLRQFDQEHJLYHQE\ 
 
0sin 2 sin cos
2 2
A A A
tF F FM T
TE E       
6LPLODUO\IRUFHHTXLOLEULXPHTXDWLRQLQWKHFLUFXPIHUHQWLDOGLUHFWLRQFDQEHH[SUHVVHGDV 
 
0cos 2 sin sin
2 2
A A
tF FT
TE E      
&RPELQLQJ(TDQG(TWRJHWKHULWFDQEHREWDLQHGWKDW 
 
cos cos
2sin
2 sin
A A
tF FM
EEE
E
§ ·¨ ¸  ¨ ¸¨ ¸¨ ¸© ¹
  
7KHIRUFHFRPSRQHQWLQWKHWKLFNQHVVGLUHFWLRQ AtF FRXOGDOVREHFRQVLGHUHGDVWKHLQWHJUDO
RIWKHFRQWDFWVWUHVVLQ(T 
 
0
0
0
22 2
2
cos cosA At tr tF r d d
T S
T D V D D T T     ³ ³   
&RQVLGHULQJ WKH VKHHW WKLQQLQJDQG VWUDLQ XQGHUSODQH-VWUDLQ FRQGLWLRQ WKHYDOXHRI WKH
VKHHWWKLQQLQJFDQEHH[SUHVVHGE\XVLQJWKH6LQHODZ 
 0 cos t t E   
,QWKLVZD\WKHVWUDLQFRPSRQHQWVFDQEHFDOFXODWHGE\ 
  ln cos  ,  0tM TH H E H       
6LPLODUO\ XQGHU WKH HTXLELD[LDO VWUHWFKLQJ FRQGLWLRQ DQG ZLWK WKH YROXPH FRQVHUYDWLRQ
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DVVXPSWLRQ 0t T MH H H   WKHVWUDLQFRPSRQHQWVFDQEHREWDLQHGE\ 
    
0 0
ln ln cos ,  ln 2ln(cos )t
l t
l tM T T M
H H E H H H E           
DQGWKHVKHHWWKLFNQHVVXQGHUHTXLELD[LDOVWUHWFKLQJFRQGLWLRQFDQEHREWDLQHG 
 
2
0 cos t t E   
%\FRPELQLQJ(TVDQGWKHUHODWLRQVKLSEHWZHHQVKHHWWKLFNQHVVDQGIRUPLQJDQJOH
XQGHU SODQH-VWUDLQ FRQGLWLRQ RU HTXLELD[LDO VWUHWFKLQJ FRQGLWLRQ FDQ EH H[SUHVVHG LQ D
FRPELQHGPRGHO 
 0 cos
mt t E    
ZKHUH P LV D FRHIILFLHQW XQGHU SODQH-VWUDLQ FRQGLWLRQ 1m  DQG XQGHU HTXLELD[LDO WHQVLOH
VWDWH 2m  
8VLQJ(T(TFDQEHVROYHGDV 
 
0
11
02 2
0
sin1 cos
2 ln ln
1 sin sin sin
n
mnn
tA
t t m m m
t t
r tK z
F r d
n r r
S
D
D DO T DD D D
      
­ ½ª º° °ª º® ¾« »« »¬ ¼ ¬ ¼° °¯ ¿³  
8VLQJ(TWKHIRUFHFRPSRQHQWLQWKHPHULGLRQDOGLUHFWLRQFDQEHREWDLQHGE\ 
 
0
2
0
1
1
02
cos cos
22 sin
1 2 sin
sin1 cosln ln
sin sin sin
n
A
t
n
mn
t
m m m
t t
K zF r
n
r t
d
r r
M
S
D
EEEO T E
D D DD D D

§ ·¨ ¸  ¨ ¸ ¨ ¸¨ ¸© ¹
­ ½ª º ° °ª º « »® ¾« »  ¬ ¼ « »° °¬ ¼¯ ¿
³
 
 
'HIRUPDWLRQ0HFKDQLFVRI5HJLRQ% 
&RQFHUQLQJUHJLRQ%DVWKHUHLVQRFRQWDFWEHWZHHQWKHIRUPLQJWRRODQGWKHVKHHWPHWDO
WKHQRUPDOFRQWDFWVWUHVVLV]HUR 0BtV  ,QWKLVUHJLRQSODQH-VWUDLQFRQGLWLRQLVFRQVLGHUHG
DVWKHVKHHWLVXQGHUVWUHWFKLQJLQPHULGLRQDOGLUHFWLRQ7KHYRQ0LVHVVWUHVVLVGHVFULEHGDV 
      2 2 21 322B B B B B B B Bs t tM T M T MV V V V V V V V          
&RPELQLQJWKHSRZHUKDUGHQLQJODZDQGWKHHTXDWLRQLWFDQEHREWDLQHGWKDW 
 
1ln
cos
§ ·  ¨ ¸© ¹
n
B
s K zV E   
:LWK(TWKHPHULGLRQDOVWUHVVDWUHJLRQ%FDQEHREWDLQHG 
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2 1ln
cos3
§ ·  ¨ ¸© ¹
n
B K zMV E      
DQGWKHVXSSRUWLQJIRUFHIURPUHJLRQ%FDQEHJLYHQE\ 
0 0
2 1ln sin cos
cos3
n
B B m
tF S K z t rM MV T E EE
§ ·         ¨ ¸© ¹   
 
'HIRUPDWLRQ,QVWDELOLW\LQ,6) 
&RQFHUQLQJWKHGHIRUPDWLRQVWDELOLW\ LQWKLVPRGHO WKHDSSHDUDQFHRIQHFNLQJZKLFKLV
FDXVHG E\ WKH \LHOGLQJ RI WKH PDWHULDO LQ UHJLRQ % LV FRQVLGHUHG WR EH WKH LQLWLDWLRQ RI WKH
LQVWDELOLW\7KDWLVLIWKHGHIRUPDWLRQLVVWDEOHWKHVKHHWLQUHJLRQ%VKRXOGEHVWURQJHQRXJK
WRSURYLGHVXIILFLHQWVXSSRUWLQJIRUFH BFM WRWDNHWKHIRUPLQJIRUFH AFM LQGXFHGE\UHJLRQ$
DQG WKH GHIRUPDWLRQ LV HODVWLF ,I QRW WKH VKHHW LQ UHJLRQ % UHDFKHV LWV \LHOGLQJ VWUHQJWK
SODVWLFGHIRUPDWLRQRFFXUVDQGFRQWLQXHVZKHQWKHWRROWRXFKHVWKHDUHDGRZQSHULRGLFDOO\$V
D UHVXOW WKH VKHHW LQ UHJLRQ % ZLOO EHFRPH WKLQQHU DQG WKLQQHU FDXVLQJ KLJK VWUHVV
FRQFHQWUDWLRQZKLFKOHDGVWRWKHQHFNLQJDQGIUDFWXUHRIWKHVKHHWILQDOO\8QGHUWKLVVLWXDWLRQ
WKH ,6) GHIRUPDWLRQ EHFRPHV XQVWDEOH 6R WKH \LHOGLQJ VWUHWFKLQJ IRUFH FRPSRQHQW LV WKH
PD[LPXP VXSSRUWLQJ IRUFH UHJLRQ % FDQ SURYLGH DW RQH WLPH 7KLV PHFKDQLVP FDQ EH
H[SUHVVHG DV D QRUPDOL]HG IRUP E\ FRPSDULQJ VWUHWFKLQJ IRUFH IURP UHJLRQ $ DQG \LHOGLQJ
IRUFH QHHGHG E\ UHJLRQ % H[FOXGLQJ WKH HIIHFW RI SDUDPHWHU . DQG 0T IURP ERWK VLGHV RI
HTXDWLRQ 
  
0 0
A BF F
K K
M M
T Td       
,WPXVWEHHPSKDVL]HWKDWWKLVLQVWDELOLW\FULWHULRQFDQRQO\EHDSSOLHGWR,6)SURFHVVGXH
WR LWV LQFUHPHQWDO GHIRUPDWLRQ QDWXUH DQG XQLTXH WRRO-VKHHW FRQWDFW VWDWH )RU VLPSOHU
WUDGLWLRQDO GHIRUPDWLRQ SURFHVVHV VXFK DV SXUH VWUHWFKLQJ &RQVLGqUH¶V FRQGLWLRQ PD\ EH
DSSOLHGWRHYDOXDWHWKHGHIRUPDWLRQVWDELOLW\GLUHFWO\+RZHYHU WKHXQGHUO\LQJ ORJLFRI WKHVH
WZRFULWHULDLVWKHVDPHZKHQWKHLQFUHDVLQJRIWKHVXSSRUWLQJIRUFHFDQQRWFRXQWHUEDODQFHWKDW
RIWKHIRUPLQJIRUFHZHDNVSRWVDSSHDUZKLFKOHDGWRGHIRUPDWLRQLQVWDELOLW\ 
,W FDQ EH VHHQ WKDW (T YDULHV ZLWK WKH PDWHULDO SDUDPHWHU Q DQG WKH FULWLFDO IRUPLQJ
DQJOH E +RZHYHU(TLVWRRFRPSOH[WREHVROYHGDQDO\WLFDOO\GLUHFWO\,QVWHDGE\XVLQJ
WKH0$7/$%FRGLQJRIWKHHTXDWLRQV WKHFXUYHRIQRUPDOL]HGIRUPLQJIRUFHDQGPD[LPXP
VXSSRUWLQJ IRUFH FDQ EH SORWWHG DQGFRPSDUHG $V VKRZQ LQ )LJ  XQGHU D W\SLFDO IRUPLQJ
FRQGLWLRQRI 05 ,  1tr mm t mm  Q WKHIRUFHYDULDWLRQVZLWKGLIIHUHQWIRUPLQJDQJOH E FDQ
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EHREWDLQHG$VFDQEHVHHQLQ)LJWKHIRUPLQJIRUFHLQFUHDVHVZLWKWKHLQFUHDVHGDQJOHRI
E 7KHPD[LPXPVXSSRUWLQJIRUFHLQFUHDVHVLQLWLDOO\GXHWRWKHLQFUHDVHGDUHDRI6+RZHYHU
DIWHUDFHUWDLQOLPLWWKHDUHD6VWDUWVWRGHFUHDVHGXHWRWKHVKHHWWKLQQLQJDQGWKHPD[LPXP
VXSSRUWLQJ IRUFH DOVR GHFUHDVHV :KHQ WKH IRUPLQJ DQJOH LV VPDOO WKH PD[LPXP VXSSRUWLQJ
IRUFH LV JUHDWHU WKDQ WKH IRUPLQJ IRUFH WKXV WKH GHIRUPDWLRQ LV XQGHU D VWDEOH FRQGLWLRQ
+RZHYHUDIWHU E LQFUHDVHV WRDFHUWDLQ OHYHO DV WKH VKHHW LQ UHJLRQ%EHFRPHV WKLQQHU WKH
PD[LPXP VXSSRUWLQJ IRUFH EHFRPHV VPDOOHU WKDQ WKH IRUPLQJ IRUFH WKH GHIRUPDWLRQ LV QR
ORQJHUVWDEOH$VFDQEHVHHQ WKHFULWLFDO FRQGLWLRQFRXOGEH IRXQGDW WKH LQWHUVHFWLRQRI WKH
WZR FXUYHV )RU WKH JLYHQ PDWHULDO LQ WKLV FDVH WKH FULWLFDO FRQGLWLRQ LV UHDFKHG ZKHQ WKH
IRUPLQJ DQJOH UHDFKHV Ϩ XQGHU SODQH-VWUDLQ FRQGLWLRQ DQG Ϩ XQGHU HTXLELD[LDO
VWUHWFKLQJFRQGLWLRQ 
 
 
D   E 
)LJ  &RPSDULVRQ RI IRUPLQJ IRUFH DQG VXSSRUWLQJ IRUFH D SODQH-VWUDLQ FRQGLWLRQ E
HTXLELD[LDOVWUHWFKLQJFRQGLWLRQ 
 
7KH DERYH DQDO\VLV K\SRWKHVL]HV WKH GHIRUPDWLRQ VWDELOLW\ GXULQJ ,6) SURFHVV ,Q WKH
PRGHO WKH HIIHFW RI VWUDLQ KDUGHQLQJ LV FRQVLGHUHG E\ LQWURGXFLQJ WKH PDWHULDO KDUGHQLQJ
H[SRQHQW Q ,Q DGGLWLRQ WKH ,6) VKHHW GHIRUPDWLRQ LV GRPLQDWHG E\ VWUHWFKLQJ IRUPLQJ ZLWK
FRQVLGHUDEOHEHQGLQJ$VVKRZQ LQ)LJZLWKRXWFRQVLGHULQJ WKHEHQGLQJGHIRUPDWLRQ WKH
VWUHVVVWDWHEHFRPHVSXUHVWUHWFKLQJGHIRUPDWLRQ 
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DEF 
)LJ'HFRPSRVLWLRQRI,6)VWUHVVVWDWHVD,6)EVWUHWFKLQJFEHQGLQJ 
 
&RQVLGHULQJ WKH SXUH VWUHWFKLQJ ZLWKRXW EHQGLQJ WKH PDWHULDO LQ UHJLRQ $ \LHOGV ZLWK
LQFUHDVLQJ VWUHWFKLQJ IRUFH 8QGHU WKLV VLWXDWLRQ 1HJURQL DQG 7KRPVHQ >@ HPSOR\HG WKH
6ZLIWODZDQGH[SODLQHGWKHGHIRUPDWLRQLQVWDELOLW\XVLQJWKHIROORZLQJHTXDWLRQ 
 1 2
0dP dP    
:KHUH 1P DQG 2P DUHWKHSXOOLQJIRUFHVLQWZRLQ-SODQHSULQFLSDOGLUHFWLRQV8VLQJ(TWKH
FULWLFDOVWUDLQLQWKHWKLFNQHVVGLUHFWLRQZDVREWDLQHG>@ 
 
22 2
1 1
3
22 2
1 1
2 (1 ( ) )
4 7 4( )
n
V V
V VH V V
V V
  
  
 
  
&RQVLGHULQJWKHSODQH-VWUDLQDQGHTXLELD[LDOVWUHWFKLQJFRQGLWLRQWRJHWKHUDQGQHJOHFWLQJ
WKHHIIHFWRIPDWHULDODQLVRWURS\ WKHFULWLFDOVWUDLQRIGHIRUPDWLRQLQVWDELOLW\ LQWKH WKLFNQHVV
GLUHFWLRQFDQEHREWDLQHGE\XVLQJWKHSUHYLRXVO\GHILQHGSDUDPHWHUP 
  3 m nH          
(TVKRZVWKDW LQWKHSXUHVWUHWFKLQJ WKHFULWLFDOVWUDLQVDUHDOVRUHODWHG WR WKHVWUDLQ
KDUGHQLQJH[SRQHQW8VLQJ(T  DQG WKH FULWLFDO VWUDLQV FDQEH FRPSDUHGEHWZHHQ ,6)
DQGSXUHVWUHWFKLQJSURFHVVHV 
 
([SHULPHQWDO9DOLGDWLRQ 
7R IXUWKHU LQYHVWLJDWH WKH ,6) GHIRUPDWLRQ VWDELOLW\ DQG IUDFWXUH PHFKDQLVP WKUHH
H[SHULPHQWV LH WKH XQLYHUVDO WHQVLOH WHVW ,6) WHVW DQG EXJOH WHVW ZHUH LPSOHPHQWHG $V
SUHVHQWHGLQWKHDQDO\WLFDOPRGHOVWKHKDUGHQLQJH[SRQHQWQLVDIDFWRUDIIHFWLQJGHIRUPDWLRQ
 15 
 
VWDELOLW\ 7ZR PDWHULDOV RI $OXPLQXP DOOR\V ZLWK YDULHG KDUGHQLQJ H[SRQHQW $$ DQG
$$ZHUHWHVWHG)RUERWK$$DQG$$WKHRULJLQDOVKHHWWKLFNQHVVLVPP,Q
DOO WHVWV WKH DQLVRWURSLF HIIHFWZDV LJQRUHG7KH IORZ VWUHVVREWDLQHG IURP WHQVLOH WHVWVZLWK
SRZHUODZDSSUR[LPDWLRQLVVKRZQLQ)LJ$VFDQEHVHHQGXHWRDORZYDOXHRIKDUGHQLQJ
H[SRQHQW WKH IUDFWXUH VWUDLQRI$$PDWHULDO LV RQO\ZKLOH WKDWRI$$ UHDFKHV
7KHPDWHULDOSDUDPHWHUVDUHVXPPDUL]HGLQ7DEOH 
 
 
DE 
)LJ)ORZVWUHVVRIPDWHULDOVD$$E$$ 
 
7DEOH0DWHULDOSDUDPHWHUVRI$$DQG$$ 
0DWHULDO . Q 
$$   
$$   
 
,QWKH,6)H[SHULPHQWVERWKFRQHDQGS\UDPLGJHRPHWULHVZLWKJUDGXDOO\LQFUHDVHGZDOO
DQJOHZHUHSURGXFHGDVVKRZQLQ)LJ7KHH[SHULPHQWVZHUHFRQGXFWHGRQD&1&PLOOLQJ
PDFKLQH ZLWK D EDOO-QRVH WRRO RI WRRO UDGLXV PP 'XULQJ ,6) SURFHVV WKH0R6 SRZGHU
ZLWKJUHDVHZDVXVHGDVWKHOXEULFDQWWRUHGXFHWKHIULFWLRQEHWZHHQWKHWRRODQGVKHHWPHWDO
$VWKHIRUPLQJDQJOHLVDQHIIHFWLYHLQGLFDWRUWRHYDOXDWHWKH,6)IRUPDELOLW\LWZDVUHFRUGHG
LQWKHH[SHULPHQWV,QWKHH[SHULPHQWVWKH,6)SURFHVVZRXOGEHWHUPLQDWHGZKHQWKHIUDFWXUH
RFFXUUHG 7KH IUDFWXUH KHLJKW DQG WKH FRUUHVSRQGLQJ ZDOO DQJOHV ZLOO EH UHFRUGHG DQG
FRPSDUHG)LJVKRZVWKHILQLVKHGSDUWVDIWHUWKH,6)H[SHULPHQW$YHUDJHIUDFWXUHKHLJKWRI
HDFKSDUWLVVKRZQLQWKHUHVSHFWLYHLPDJHRIWKHSURGXFHGSDUW 
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)LJ*HRPHWU\RIWHVWSDUWVDFURVV-VHFWLRQRIWKHGHVLJQHGSDUWVEWKHFRQHSDUWFWKH
S\UDPLGSDUW 
 
 
)LJ  0DFURVFRSLF YLHZ RI IUDFWXUHG SDUWV D $$ FRQH E $$ S\UDPLG F
$$FRQHG$$S\UDPLG 
 
3ODQH-VWUDLQDQGHTXLELD[LDO VWUHWFKLQJDUH WKH WZRPDMRUGHIRUPDWLRQPRGHV LQ WKH ,6)
SURFHVV 7KH IUDFWXUH IRUPLQJ OLPLW ))/ XQGHU WKHVH WZR GHIRUPDWLRQ PRGHV ZDV DOVR
HYDOXDWHGE\XVLQJWKHEXJOHWHVW7KHWHVWVZHUHSHUIRUPHGRQ%&6-'JHQHUDOVKHHWPHWDO
PP PP 
PP PP 
˄ ˄
˄ ˄
E 
 
F 
˄
˅
U PP 
D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WHVWPDFKLQHXVLQJERWK$$DQG$$VKHHWV)LJVKRZVWKHW\SLFDOVSHFLPHQVRIWKH
WZR PDWHULDOV XQGHU WKH GLIIHUHQW GHIRUPDWLRQ PRGHV ,Q WKH H[SHULPHQW WKH *20 GLJLWDO
LPDJHFRUUHODWLRQ',&V\VWHPZDVHPSOR\HGDQGWKHVWUDLQHYROXWLRQVLQWKHWHVWLQJSURFHVV
ZHUHHYDOXDWHG 
 
 
)LJ  %XOJH WHVW SDUWV D $$ SODQH-VWUDLQ E $$ SODQH-VWUDLQ F $$
HTXLELD[LDOVWUHWFKLQJG$$HTXLELD[LDOVWUHWFKLQJ 
 
$QDO\WLFDODQG([SHULPHQWDO5HVXOWV 
8VLQJ WKH GHYHORSHG DQDO\WLFDO PRGHO DQG WKH H[SHULPHQWDO GHVLJQV WKH LQIOXHQFH RI
VWUDLQKDUGHQLQJDQGEHQGLQJRQ WKHGHIRUPDWLRQVWDELOLW\DUH LQYHVWLJDWHG7KH LQYHVWLJDWLRQ
UHVXOWV DUH YDOLGDWHG E\ HVWDEOLVKLQJ D IRUPLQJ OLPLW GLDJUDP )/' 7KH SUHGLFWHG IRUPLQJ
OLPLW DQG WKH H[SHULPHQWDO UHVXOWV DUH FRPSDUHG 7KH REVHUYDWLRQV IURP )/' DUH IXUWKHU
YDOLGDWHGE\LQYHVWLJDWLQJWKHIUDFWXUHEHKDYLRXULQWKHH[SHULPHQWV 
 
4.1 Strain hardening effect 
6WUDLQ KDUGHQLQJ SOD\V D VLJQLILFDQW UROH LQ WKH PDWHULDO SODVWLF GHIRUPDWLRQ LQ VKHHW
IRUPLQJ SURFHVV :LWK WKH LQFUHDVHG VWUDLQ KDUGHQLQJ WKH RFFXUUHQFH RI QHFNLQJ DQG
GHIRUPDWLRQ LQVWDELOLW\ PD\ EH GHOD\HG DQG KLJKHU IRUPDELOLW\ FDQ EH DFKLHYHG 8VLQJ WKH
GHYHORSHG PRGHO WKH YDULDWLRQ RI ,6) FULWLFDO VWUDLQ H[SUHVVHG DV HTXLYDOHQW SODVWLF VWUDLQ
XQGHUGLIIHUHQWGHIRUPDWLRQVWDWHVYDU\LQJZLWKWKHVWUDLQKDUGHQLQJH[SRQHQWLV LOOXVWUDWHGLQ
)LJ,WFDQEHREVHUYHGWKDWWKHFULWLFDOVWUDLQLQFUHDVHVZLWKWKHLQFUHDVLQJVWUDLQKDUGHQLQJ
H[SRQHQW 7KLV LV EHFDXVH ZLWK WKH LQFUHDVH RI VWUDLQ KDUGHQLQJ WKH GHIRUPHG PDWHULDO LQ
UHJLRQ%EHFRPHVVWURQJHUZKLFKFRXOGWDNHKLJKHUIRUPLQJIRUFHIURPUHJLRQ$&RQFHUQLQJ
WKH VHQVLWLYLW\ RI FULWLFDO VWUDLQ GXH WR VWUDLQ KDUGHQLQJ D KLJKHU VHQVLWLYLW\ FDQEH REVHUYHG
XQGHU SODQH-VWUDLQ FRQGLWLRQ WKDQ WKDW IRU WKH HTXLELD[LDO VWUHWFKLQJ FRQGLWLRQ 7KLV PD\ EH
EHFDXVHWKDWXQGHUHTXLELD[LDOVWUHWFKLQJFRQGLWLRQWKHPDWHULDO\LHOGVXQGHUWKHIRUFHVIURP
ERWKPHULGLRQDODQGFLUFXPIHUHQWLDOGLUHFWLRQVZKLFKUHGXFHVWKHVHQVLWLYLW\RIFULWLFDOVWUDLQ
RQWKHIRUFHFRPSRQHQWLQWKHPHULGLRQDOGLUHFWLRQ 
˄
˅
˄
˅
˄
˅
˄
˅
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)LJ,QIOXHQFHRIVWUDLQ-KDUGHQLQJFRHIILFLHQWRQHTXLYDOHQWVWUDLQ 
 
4.2 Bending effect 
$QRWKHUVLJQLILFDQWFKDUDFWHUL]DWLRQLQWKH,6)SURFHVVLVWKHEHQGLQJGHIRUPDWLRQRIVKHHW
PDWHULDO ,Q WKLV ZRUN WZR EHQGLQJ HIIHFWV DUH LQYHVWLJDWHG 7KH ILUVW EHQGLQJ HIIHFW FDQ EH
GLUHFWO\REWDLQHG IURP WKH ,6)GHIRUPDWLRQ VWDELOLW\PRGHOE\XVLQJ(T%\NHHSLQJ WKH
RWKHU SDUDPHWHUV FRQVWDQW EXW RQO\ FKDQJLQJ WKH UDWLR RI UW WR W WKH FULWLFDO VWUDLQ RI
GHIRUPDWLRQLQVWDELOLW\FDQEHLOOXVWUDWHGDVVKRZQLQ)LJ$VFDQEHVHHQZLWKWKHLQFUHDVH
RI EHQGLQJ HIIHFW GHFUHDVH RI UWWUDWLR WKH FULWLFDO VWUDLQ GHFUHDVHV7KLV LQGLFDWHV WKDW WKH
EHQGLQJKDVDQHJDWLYHHIIHFWRQWKHGHIRUPDWLRQVWDELOLW\7KHH[SODQDWLRQRIWKLVPHFKDQLVP
LV VWUDLJKW IRUZDUG LQFUHDVLQJ WKH EHQGLQJ ZLOO LQWURGXFH D ODUJHU WHQVLOH VWUHVV DW WKH RXWHU
VXUIDFH RI WKH VKHHW ZKLFK LQFUHDVHV WKH IRUPLQJ IRUFH 7KXV WKH PDWHULDO LQ UHJLRQ % ZLOO
UHDFKWKH\LHOGLQJSRLQWHDUOLHU7KLVHIIHFWFDQDOVREHYDOLGDWHGE\WKHZRUNSUHVHQWHGLQ>@
,QIRUPLQJ WKH$VKHHWE\NHHSLQJ WKH WRROVL]H WKHVDPH LQFUHDVLQJ WKHVKHHW WKLFNQHVV
ZRXOGUHGXFHWKH,6)IRUPLQJOLPLW 
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)LJ,QIOXHQFHRIEHQGLQJHIIHFWE\FKDQJLQJWKHUDWLRRIWRROUDGLXVWRVKHHWWKLFNQHVV 
 
&RQFHUQLQJDQRWKHUHIIHFW IURPEHQGLQJE\FRPSDULQJ WKH$$ WHQVLOH WHVWDQG ,6)
WHVWUHVXOWVLWFDQEHREVHUYHGWKDWWKHPDWHULDOGHIRUPDWLRQVKRZVREYLRXVGLIIHUHQFHVRQWKH
IRUPDELOLW\ LQ WKHVH WZR SURFHVVHV ,Q WKH WHQVLOH WHVW WKH $$ VKHHW EHFRPHV IUDFWXUHG
ZLWKDVWUDLQYDOXHRIDERXW)LJZKLOHLQWKH,6)WHVW)LJZKHUHWKHVKHHWIUDFWXUHV
DIWHUREYLRXVJUHDWHUGHIRUPDWLRQ7RH[SODLQWKHIUDFWXUHVWUDLQLQFUHDVHLQWKH,6)SURFHVVE\
HPSOR\LQJ (T  DQG (T  WKH FULWLFDO VWUDLQ ZLWK DQG ZLWKRXW EHQGLQJ HIIHFW FDQ EH
FRPSDUHGZLWKGLIIHUHQWYDOXHVRIVWUDLQKDUGHQLQJH[SRQHQWDVVKRZQLQ)LJ,WLVFOHDUWKDW
WKHFULWLFDOVWUDLQREWDLQHGIURPWKH,6)GHIRUPDWLRQVWDELOLW\PRGHOLVPXFKJUHDWHUWKDQWKDW
E\ XVLQJ WKH H[SDQGHG 6ZLIW ODZ ,Q WKH SXUH VWUHWFKLQJ PRGH ZLWKRXW VWUDLQ KDUGHQLQJ WKH
PDWHULDOLQUHJLRQ%ZLOOGLUHFWO\\LHOGDVWKHZKROHSDUWRIUHJLRQ$DQG%LVXQGHUWKHVDPH
VWUHVVVWDWH+RZHYHULQWKH,6)SURFHVVGXHWRWKHVKHHWEHQGLQJWKHPDWHULDOLQUHJLRQ$ZLOO
VWDUW\LHOGLQJDWDORZHUVWUHWFKLQJIRUFH+RZHYHUWKLVVWUHWFKLQJIRUFHLVQRWODUJHHQRXJKWR
FDXVHWKHPDWHULDO\LHOGLQUHJLRQ%DWWKHLQLWLDOIRUPLQJVWDJH7KLVLVWKHPDMRUFDXVHRIWKH
GLVFUHSDQF\ RI WKH FULWLFDO VWUDLQV EHWZHHQ ,6) DQG SXUH VWUHWFKLQJ DV FDQ EH LOOXVWUDWHG LQ
)LJ 
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  D   E   
)LJ  &RPSDULVRQ RI WKH ,6) DQG SXUH VWUHWFKLQJ GHIRUPDWLRQ VWDELOLW\ D SODQH-VWUDLQ
FRQGLWLRQEHTXLELD[LDOVWUHWFKLQJFRQGLWLRQ 
 
%\DQDO\VLQJWKHUHVXOWVSUHVHQWHGLQ)LJDQGLWFDQEHREVHUYHGWKDWWKHEHQGLQJ
LQGXFHVWZRHIIHFWV,QWKH,6)SURFHVVWKHEHQGLQJZLOOJHQHUDWHODUJHUWHQVLOHIRUFHDWWKH
RXWHUVXUIDFHRIWKHVKHHWZKLFKFDXVHVWKHHDUOLHUVKHHWIUDFWXUH7KHEHQGLQJZLOOFDXVH
WKHHDUOLHU\LHOGLQJRIWKHVKHHWLQUHJLRQ$ZKLFKFRXOGUHGXFHWKHIRUPLQJIRUFHDQGLQFUHDVH
WKHGHIRUPDWLRQVWDELOLW\%\FRPSDULQJWKHLPSDFWVRIWKHVHWZRHIIHFWVLQ)LJDQGWKH
ODWWHUSOD\VDPDMRUUROH 
 
4.3 Fracture forming limit 
7KH DERYH UHVXOWV DUH PRVWO\ GUDZQ IURP DQDO\WLFDO PRGHOV 7R IXUWKHU LQYHVWLJDWH WKH
GHIRUPDWLRQVWDELOLW\DQGIUDFWXUHPHFKDQLVPDQ)/'KDVEHHQSURGXFHGDVVKRZQLQ)LJ
8VLQJ WKH GHYHORSHG PRGHO WKH SUHGLFWHG ,6) FULWLFDO VWUDLQV FDQ EH SORWWHG LQ UHG OLQHV DV
VKRZQLQ)LJ,QDGGLWLRQWKHIUDFWXUHIRUPLQJOLPLW))/REWDLQHGIURPEXJOHWHVWDVDQ
LQGLFDWLRQRIIRUPDELOLW\DVVRFLDWHGZLWKWKHPDWHULDOSURSHUW\LVSORWWHGE\XVLQJEODFNOLQHV
7KHVH IRUPLQJ OLPLWV DUH FRPSDUHG ZLWK WKH DFWXDO IUDFWXUH VWUDLQ REWDLQHG IURP ,6)
H[SHULPHQWV$VFDQEHVHHQIRUWKH$$PDWHULDOWKHIUDFWXUHRFFXUVLQWKH,6)SURFHVV
EHIRUHUHDFKWKH))/7KHDFWXDOIUDFWXUHLQWKH,6)WHVWLVPRUHFORVHWRWKHSUHGLFWLRQUHVXOWV
+RZHYHU WKH $$ VKHHW VKRZV D GLIIHUHQW UHODWLRQVKLS 7KH SUHGLFWHG FULWLFDO VWUDLQ LV
PXFK KLJKHU ZKLOH WKH ))/ LV PXFK ORZHU 7KH DFWXDO IUDFWXUH RI $$ LQ WKH ,6)
H[SHULPHQW LV PRUH FORVH WR WKH ))/7KLV UHVXOW VXJJHVWV WKDW WKH ,6) IRUPDELOLW\ GRHV QRW
REH\ D JHQHUDOL]HG UXOH EXW GHSHQGV RQ WKH UHODWLRQVKLSV EHWZHHQ ))/ DQG GHIRUPDWLRQ
VWDELOLW\)RUVRPHPDWHULDOVWKHGHIRUPDWLRQLQVWDELOLW\LVWKHGRPLQDWHHIIHFWWKDWFDXVHVWKH
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VKHHWIUDFWXUHZKLOHIRURWKHUPDWHULDOVWKHIDFWXUHRFFXUVEHFDXVHWKHGHIRUPDWLRQUHDFKHVWKH
))/ILUVW:KHQHLWKHUWKH))/RUWKH,6)GHIRUPDWLRQLQVWDELOLW\FRQGLWLRQVFDQEHVDWLVILHG
WKHVKHHWFUDFNZLOORFFXU 
 
   DE 
)LJ&RPSDULVRQRIIRUPDELOLW\D$$E$$ 
 
4.4 Fracture behavior  
7KH UHVXOWV SUHVHQWHG LQ )LJ VXJJHVW WKDW WKH $$ DQG $$ VKRZ GLIIHUHQW
IUDFWXUHFKDUDFWHUL]DWLRQV WKH$$SDUWV FUDFNHGGXH WR WKH ORVVRIGHIRUPDWLRQ VWDELOLW\
ZKLOHIRUWKH$$SDUWWKHIUDFWXUHRFFXUVEHFDXVHLWUHDFKHVWKH))/7RIXUWKHUFRQILUP
WKLVK\SRWKHVLV WKH,6)SDUWVDUHH[DPLQHGE\ LQYHVWLJDWLQJ WKHFURVV-VHFWLRQDOSURILOHDW WKH
IUDFWXUHORFDWLRQ 
$VVKRZQLQ)LJIRUWKH$$SDUWVREYLRXVQHFNLQJFDQEHREVHUYHGLQERWK,6)
DQGEXJOHWHVWV,QWKH,6)WHVWDVVKRZQLQ)LJD	ELQERWKFDVHVRISODQH-VWUDLQDQG
HTXLELD[LDOVWUHWFKLQJFRQGLWLRQVZKHQWKHVKHHWWKLFNQHVVUHDFKHVDERXWPPRUPP
UHVSHFWLYHO\WKHQHFNLQJVWDUWVGHYHORSLQJ+RZHYHULQWKHEXJOHWHVWDVVKRZQLQ)LJF
	 G WKH QHFNLQJ VWDUWHG DW DQ HDUOLHU VWDJH DERXW PP LQ WKLFNQHVV XQGHU SODQH-VWUDLQ
FRQGLWLRQ DQG PP LQ WKLFNQHVV XQGHU HTXLELD[LDO VWUHWFKLQJ FRQGLWLRQ &RQFHUQLQJ WKH
IUDFWXUH WKLFNQHVV XQGHU ERWK SODQH-VWUDLQ DQG HTXLELD[LDO VWUHWFKLQJ FRQGLWLRQ WKH VLPLODU
WKLFNQHVV ZDV REVHUYHG EHWZHHQ ,6) DQG EXOJH WHVWV UHVSHFWLYHO\ 7KLV REVHUYDWLRQ VXJJHVWV
WKDWDOWKRXJKWKHVKHHWVWDUWVQHFNLQJDWGLIIHUHQWIRUPLQJVWDJHWKHILQDOIUDFWXUHWKLFNQHVVLV
VLPLODU7KH,6)SURFHVVFRXOGGHOD\WKHRFFXUUHQFHRIQHFNLQJEXWWKHGHIRUPDWLRQLQVWDELOLW\
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RFFXUVEHIRUHUHDFKLQJWKHPDWHULDOIUDFWXUHOLPLW 
 
)LJ&URVV-VHFWLRQDOYLHZRIWKHIUDFWXUHUHJLRQIRU$$PDWHULDODFRQHSDUWLQ,6)
WHVWES\UDPLGSDUWLQ,6)WHVWFEXOJHWHVWSDUWXQGHUSODQH-VWUDLQFRQGLWLRQGEXOJHWHVW
SDUWXQGHUHTXLELD[LDOVWUHWFKLQJFRQGLWLRQ 
  
)RUWKH$$VKHHWVQRREYLRXVQHFNLQJFDQEHREVHUYHGLQWKH,6)WHVWDVVKRZQLQ
)LJ D 	 E 7KH WKLFNQHVV DW WKH IUDFWXUH ORFDWLRQ LV DERXW PP XQGHU SODQH-VWUDLQ
FRQGLWLRQ DQG DERXW PP XQGHU HTXLELD[LDO VWUHWFKLQJ FRQGLWLRQ $V WKHUH LV QR REYLRXV
UHGXFWLRQLQWKLFNQHVVWKHVKHHWIUDFWXUHRFFXUVLPPHGLDWHO\ZKHQWKHGHIRUPDWLRQUHDFKHVWKH
))/ &RQFHUQLQJ WKH IDFWXUH EHKDYLRU LQ WKH EXJOH WHVW REYLRXV QHFNLQJ FDQ EH REVHUYHG
+RZHYHU FRPSDULQJ WKH IUDFWXUH WKLFNQHVV EHWZHHQ ,6) DQG EXJOH WHVW WKH VKHHW IUDFWXUH
WKLFNQHVV LV VLPLODUXQGHUSODQH-VWUDLQDQGHTXLELD[LDO VWUHWFKLQJFRQGLWLRQ UHVSHFWLYHO\7KLV
UHVXOWVKRZVWKDWWKHUHLVQRVLJQRIWKHRFFXUUHQFHRIGHIRUPDWLRQLQVWDELOLW\LQWKH,6)SURFHVV
IRU$$7KHVKHHWIUDFWXUHVEHFDXVHLWUHDFKHVLWV))/ 
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)LJ&URVV-VHFWLRQDOYLHZRIWKHIUDFWXUHDORQJPHULGLRQDOGLUHFWLRQIRU$$PDWHULDO
DFRQHSDUWES\UDPLGSDUWLQ,6)WHVWFEXOJHWHVWSDUWXQGHUSODQH-VWUDLQFRQGLWLRQG
EXOJHWHVWSDUWXQGHUHTXLELD[LDOVWUHWFKLQJFRQGLWLRQ 
  
7KHUHVXOWVLQ)LJDQGFRXOGFRQILUPWKHK\SRWKHVLVWKDWWKH,6)IRUPDELOLW\GRHV
QRWREH\DJHQHUDOL]HGUXOH LI WKHGHIRUPDWLRQLQVWDELOLW\FRQGLWLRQUHDFKHVILUVW WKHIUDFWXUH
RFFXUVGXHWRGHIRUPDWLRQLQVWDELOLW\LIWKHPDWHULDO))/UHDFKHVILUVWWKHIUDFWXUHRFFXUVGXH
WRWKHOLPLWHGGXFWLOLW\RIWKHPDWHULDOLWVHOI 
  
4.5 Discussions of results 
%\VXPPDUL]LQJ WKHDQDO\WLFDODQGH[SHULPHQWDO UHVXOWVREWDLQHG LQ WKLV VWXG\ LW FDQEH
FRQFOXGHG WKDW WKHUH DUH WZR PDMRU IUDFWXUH PHFKDQLVPV LQ ,6) SURFHVV  IUDFWXUH GXH WR
OLPLWHG PDWHULDO GXFWLOLW\ DQG  IUDFWXUH GXH WR WKH ORVV RI GHIRUPDWLRQ VWDELOLW\ :KHQ WKH
VKHHWGHIRUPDWLRQVKLIWVIURPVWUHWFKLQJGHIRUPDWLRQWRDFRPELQHGVWUHWFKLQJDQGEHQGLQJLQ
,6) WKH PDWHULDO GXFWLOLW\ LV NHSW XQFKDQJHG 7KH LQFUHDVHG ,6) IRUPDELOLW\ PDMRUO\ FRPHV
IURPWKHHQKDQFHPHQWRIGHIRUPDWLRQVWDELOLW\$JRRGH[DPSOHLVWKHGHIRUPDWLRQRI$$
PDWHULDOWKHVWUDLQDWIUDFWXUHLQWKHXQLYHUVDOWHQVLOHWHVWLVRQO\ZKLOHWKDWLQ,6)LVRYHU
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 +RZHYHU IRU WKH $$ PDWHULDO WKLV LQFUHDVH LV OHVV REYLRXV GXH WR WKH OLPLWHG
PDWHULDOGXFWLOLW\ 
&RQFHUQLQJ WKHVWUDLQKDUGHQLQJHIIHFW DVREVHUYHG LQ)LJ  WKHVWUDLQKDUGHQLQJKDV D
SRVLWLYHHIIHFWRQ WKHGHIRUPDWLRQVWDELOLW\ $Q LQFUHDVHRI LQ KDUGHQLQJH[SRQHQWZRXOG
LQFUHDVH WKH FULWLFDO VWUDLQ E\  XQGHU SODQH-VWUDLQ FRQGLWLRQ DQG  XQGHU HTXLELD[LDO
VWUHWFKLQJFRQGLWLRQ)LJVXJJHVWVWKDWWKHVHQVLWLYLW\RIWKHFULWLFDOVWUDLQRQWKHKDUGHQLQJ
H[SRQHQW LV VLPLODU LQERWK ,6)DQGSXUH VWUHWFKLQJ+RZHYHU DOWKRXJK WKH VWUDLQKDUGHQLQJ
SOD\V D VLPLODU UROH LQ WKH WZR SURFHVVHV LW EHFRPHV OHVV REYLRXV LQ ,6) DV WKLV HIIHFW LV
RYHUVKDGRZHGE\WKHEHQGLQJHIIHFW 
&RQFHUQLQJWKHEHQGLQJHIIHFWDOWKRXJKDODUJHUEHQGLQJGHIRUPDWLRQFRXOGLQFUHDVHWKH
WHQVLOH VWUHVV DW WKH RXWHU VXUIDFH RI WKH VKHHW LW LV DOVR D PDMRU IDFWRU WR HQKDQFH WKH ,6)
GHIRUPDWLRQ VWDELOLW\ 7KLV ZRUN KDV DQDO\WLFDOO\ SURYHQ DQG H[SHULPHQWDOO\ YDOLGDWHG WKLV
K\SRWKHVLV 7KH LQFUHDVHG ,6) IRUPDELOLW\ LV DFKLHYHG WKURXJK WKH HQKDQFHG GHIRUPDWLRQ
VWDELOLW\ FRPSDULQJ WR SXUH VWUHWFKLQJ EHQGLQJ ZRXOG FDXVH WKH PDWHULDO \LHOGV DW D ORZHU
IRUPLQJIRUFH8QGHUWKLVVLWXDWLRQWKHUHJLRQ%FRXOGVXSSRUWWKHVWUHWFKLQJIRUFHIURPUHJLRQ
$ZLWKRXWIDLOXUH+RZHYHUWKHLQFUHDVHGIRUPDELOLW\LQ,6)ZLOOEHPRUHREYLRXVLQIRUPLQJ
WKHVKHHWPDWHULDOZLWKORZVWUDLQKDUGHQLQJEXWKLJKGXFWLOLW\)RUWKHVKHHWPHWDOZLWKOLPLWHG
GXFWLOLW\ WKH IRUPDELOLW\ FDQQRW EH LPSURYHG PXFK LQ VLQJOH SRLQW LQFUHPHQWDO IRUPLQJ
$OWHUQDWLYHDSSURDFKHVVXFKDVWKHGRXEOHVLGHLQFUHPHQWDOIRUPLQJRUKRW,6)PHWKRGVPD\EH
DEHWWHUVROXWLRQYLDLPSURYLQJWKHVWUHVVWULD[LDOLW\RULQFUHDVLQJWKHIRUPLQJWHPSHUDWXUH 
 
&RQFOXVLRQV 
,QWKLVVWXG\WKHGHIRUPDWLRQVWDELOLW\DQGWKHIUDFWXUHPHFKDQLVPLQWKH,6)SURFHVVKDYH
EHHQ VWXGLHG 7ZR NH\ IDFWRUV WKDW DIIHFWLQJ WKH GHIRUPDWLRQ VWDELOLW\ LQFOXGLQJ VWUDLQ
KDUGHQLQJDQGEHQGLQJKDYHEHHQ LQYHVWLJDWHGEDVHGRQDGHYHORSHGDQDO\WLFDOPRGHODQGD
VHULHVRIH[SHULPHQWV)URPWKLVZRUNWKHIROORZLQJFRQFOXVLRQVPD\EHGUDZQ 
(1) 6KHHWIUDFWXUHLQWKH,6)SURFHVVFRXOGHLWKHUEHFDXVHGE\WKHGHIRUPDWLRQLQVWDELOLW\
RUOLPLWHGPDWHULDOGXFWLOLW\6KHHWIUDFWXUHRFFXUVZKHQHLWKHURI WKHIDLOXUH OLPLWV LV
UHDFKHG 
(2) %HQGLQJLVDPDMRUFDXVHRIWKHHQKDQFHG,6)IRUPDELOLW\WKHVKHHWLQUHJLRQ$FRXOG
\LHOG ZLWK D ORZHU IRUPLQJ IRUFH ZKLFK GHOD\V WKH RFFXUUHQFH RI WKH GHIRUPDWLRQ
LQVWDELOLW\LQUHJLRQ% 
(3) 6WUDLQKDUGHQLQJSOD\VWKHVDPHUROHLQ,6)DQGVWUHWFKLQJ+RZHYHUWKLVHIIHFWLVOHVV
REYLRXVLQ,6)DVLWLVRYHUVKDGRZHGE\WKHEHQGLQJHIIHFW 
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(4) 7KHHQKDQFHPHQWRI,6)IRUPDELOLW\LVPRUHREYLRXVLQSURFHVVLQJPDWHULDOZLWKORZHU
VWUDLQKDUGHQLQJH[SRQHQWEXWKLJKHUGXFWLOLW\)RUPDWHULDOZLWKOLPLWHGGXFWLOLW\ WKH
LPSURYHPHQWRI,6)IRUPDELOLW\LVOLPLWHG 
 
$FNQRZOHGJHPHQW 
7KHDXWKRUVDUHJUDWHIXOIRUWKHILQDQFLDOVXSSRUWIURPWKH1DWLRQDO.H\6SHFLILF6FLHQFH	
7HFKQRORJ\3URJUDPIURP0LQLVWU\RI,QGXVWU\DQG,QIRUPDWLRQ7HFKQRORJ\RI&KLQDWKURXJK
*UDQW=;-DQGILQDQFLDOVXSSRUWIURP1DWLRQDO1DWXUDO6FLHQFH)RXQGDWLRQRI
&KLQD WKURXJK *UDQW DQG WKH VXSSRUW SURYLGHG E\ WKH0DULH &XULH ,QWHUQDWLRQDO
,QFRPLQJ)HOORZVKLS	DQG,QWHUQDWLRQDO5HVHDUFK6WDII([FKDQJH6FKHPH
,56(60DW3UR)XWXUHSURMHFWZLWKLQWKHWK(&)UDPHZRUN3URJUDPPH)3 
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+LJKOLJKWV 
 
z $ QHZ PRGHO LV SURSRVHG WR DQDO\]H WKH GHIRUPDWLRQ VWDELOLW\ LQ VLQJOH SRLQW
LQFUHPHQWDOVKHHWIRUPLQJEDVHGRQWKHSUHYLRXVH[SHULPHQWDOREVHUYDWLRQ 
 
z 7ZRGHIRUPDWLRQPRGHVSODQHVWUDLQDQGHTXLEL[LDO WHQVLRQDUHERWKFRQVLGHUHG
LQWKHPRGHO 
 
 
z %\FRPSDULQJWKHVKDSHVRIWKHFUDFNVDQGWKHWKHRUHWLFDOPRGHODFRPSUHKHQVLYH
IDLOXUH PHFKDQLVP IRU ,6) LV SURSRVHG 6KHHW PHWDO FDQ IDLO EHFDXVH RI WKH
H[FHVVLYHVWUHWFKLQJVWUHVVRUWKHOLPLWDWLRQRIWKHLURZQIRUPDELOLW\ 
 
